We extended a previous study . A deficit in strabismic amblyopia for global shape detection. Vision Research, 39,[901][902][903][904][905][906][907][908][909][910][911][912][913][914] where it was claimed that strabismic amblyopes exhibit a deficit for the detection of continuous radial frequency patterns, a task that is thought to involve global processing and in particular, a contribution of extra-striate area V4. We confirm this previous report using a novel Gaborsampled stimulus and show that the deficit for the amblyopic eye occurs across a range of circular contour frequencies, that is the number of radial cycles per circular contour length in degrees. By arranging the Gabor-samples to coincide with either the peaks/troughs or zero-crossings of the radial modulation, we were able to tease apart the relative contributions of local position and local orientation respectively to the shape processing deficit. The deficit for the amblyopic eye involves both anomalous position and orientation coding with the latter being more affected than the former. While this suggests that ventral extrastriate processing is anomalous, it leaves open the possibility that the striate input may be responsible.
Introduction
Previous studies have characterized specific deficits in vision for amblyopic patients, such as contrast sensitivity (Hess, 1976; Levi & Harwerth, 1977) , positional uncertainty (Hess & Holliday, 1992; Levi & Klein, 1983; Sireteanu, Lagreze, & Constantinescu, 1993) and global processing of motion (Simmers, Ledgeway, Hess, & McGraw, 2003) and form (Simmers, Ledgeway, & Hess, 2005) . Although more attention has been paid to the global deficits affecting the dorsal processing of visual motion (Aaen-Stockdale & Hess, 2008; Simmers, Ledgeway, Mansouri, Hutchinson, & Hess, 2006; Simmers et al., 2005) , two studies have highlighted a global processing deficit involving the ventral processing of form (Hess, Wang, Demanins, Wilkinson, & Wilson, 1999b , Simmers et al., 2005 . One of these (Hess, Wang, Demanins et al., 1999b) involves global shape detection for which there is fMRI evidence (Wilkinson et al., 2000) implicating area V4 in normals. In this study we set out to better understand this deficit by establishing its dependence on stimulus circular contour frequency (Jeffrey, Wang, & Birch, 2002) and by assessing whether it is the result of deficient orientation or deficient position processing. Jeffrey et al. (2002) have argued that a critical parameter in normal shape detection of radial frequencies patterns is the circular contour frequency of the stimulus. This is defined as the number of radial cycles per contour length in degrees. Circular contour frequency depends not only the influence of the radial frequency, about which we know a lot (Wilkinson, Wilson, & Habak, 1998) but also on the influence of the radius, about which we know less. More recently, Jeffrey, Wang, and Birch (2004) showed that this parameter, critical contour frequency, is also a key for understanding the shape detection deficit in humans with deprivation amblyopia. In deprivation amblyopia, the global shape deficit depends on the circular contour frequency of the stimulus; the higher the circular contour frequency, the greater the shape processing deficit. There is reason to believe that the neural deficit is different in strabismic as opposed to deprivation amblyopia and that this difference may be relevant to shape processing. Only strabismic amblyopes exhibit spatial accuracy deficits (Hess & Holliday, 1992; Levi & Klein, 1983; Sireteanu et al., 1993) and report perceptual spatial distortions. This raises the first of two questions that we address here concerning the global shape deficit in strabismic amblyopia, namely, does the deficit in strabismic amblyopes for the detection of radial frequency patterns depend on the circular contour frequency, as it does for deprivation amblyopes? Deprivation amblyopes (Constantinescu, Schmidt, Watson, & Hess, 2005; Ellemberg, Lewis, Maurer, Brar, & Brent, 2002) , like strabismic amblyopes (Aaen-Stockdale & Hess, 2008; Simmers et al., 2003 Simmers et al., , 2006 exhibit deficits for global motion detection, implicating deficient dorsal extra-striate function. We wanted to know if similar deficits occur in these two forms of amblyopia for the ventral extra-striate analysis of global shape. A second issue involves the nature of any deficit underlying deficient global shape processing. In a study of normal vision, Wang and Hess (2005) showed that the detection of radial frequency stimuli is supported by two different sources of information, one involving the global integration of local position estimates and the other, local orientation estimates. They used Gabor-sampled, radially-modulated stimuli in order to assess the relative contribution of each of these factors by manipulating the phase of the Gabor-samples relative to the radial modulation (see Fig. 1c-f ). When the samples were positioned at the zerocrossing of the radial frequency modulation (see Fig. 1d ), they carried the relevant orientation information with no positional component. When the samples were positioned at the peaks/troughs of the radial frequency modulation (Fig. 1e) , they carried the relevant position information with no orientation component. They found that in normal vision both sources of information are used, although orientation information is more heavily relied upon. This prompted the question, is the deficit for the detection of radial frequency patterns in adults with strabismic amblyopia the result of deficient processing of orientation or position or both?
To answer the first question, we used stimuli that were Gaborsampled radial frequency patterns sampled at both peaks and zero-crossings of the radial modulation (Fig. 1c) to compare performance in normals and strabismic amblyopes for the detection of radial contour patterns of different circular contour frequency. To answer the second question, we compared performance for Gabor-sampled radial frequency patterns where the radial modulation was sampled at either the zero-crossings (to assess orientation processing) or the peaks/troughs (to assess position processing).
Methods

Subjects
The details of the strabismic amblyopes are shown in Table 1 . Nine strabismic amblyopes and five normal controls participated in this study (including one of the authors). All normal observers had a visual acuity of 20/20 or greater (with correction if necessary). All subjects consented after the purpose of the study and the procedures were explained to them. The research project methods were in accordance with the standards of the local ethics committee as well as the Declaration of Helsinki.
Stimuli
Micropatch-sampled radial frequency patterns ( Fig. 1) were used as visual stimuli to study the contribution of local orientation and position features to shape integration. A continuous radial frequency (RF) pattern (Fig. 1b) was generated by modulating the radius of a circle sinusoidally according to the following formula Abbreviations: strab = strabismus; RE = right eye; LE = left eye; ET = esotropia; XT = exotropia; DS = dioptre sphere. where R 0 is the mean radius; A is the percent modulation amplitude; f is the radial modulation frequency; h is the phase of modulation; a is the polar coordinate angle (Àp to p); and R is the modulated radius. The cross-section luminance profile of the continuous circular contour is the fourth derivative of a Gaussian (Swanson, Wilson, & Giese, 1984; Wilkinson et al., 1998) . Continuous RF patterns have the dual advantage of being spatial frequency narrowband (fourth derivative of a Gaussian) and having well controlled shape perturbations of different magnitudes or scale. Micropatch-sampled radial frequency (MSRF) patterns were generated according to the methods of Wang and Hess (Wang & Hess, 2005) by placing Gabor patches or Gaussian blobs along the trace of sinusoidal modulation of a circle (Fig. 1a) , as defined by Eq. (1). The size of Gabor (or Gaussian blob) was defined by the standard deviation of Gaussian envelope, and the actual patch size was four times of the standard deviation. When Gabor patches were used as sampling elements, the carrier orientation was defined as tangential to the deformed circle at the placement position, and was the same as the local contour orientation of the corresponding continuous RF pattern at the same location. When the sampling elements in an MSRF pattern are integrated by the visual system, the radially-modulated stimulus will be detectable ( Fig. 1c-f) , and the global shape perception of these sampled patterns is comparable to that of continuous RF patterns (Fig. 1b) .
Separating local orientation changes from local positional perturbations
Sinusoidal modulation of the radius introduces both local orientation changes and local positional perturbation from circularity (Fig. 1a) . For a given modulation amplitude, zero-crossings of modulation correspond to maximum local orientation changes from circularity but no positional perturbation, while peaks and troughs of modulation correspond to maximum positional perturbations from circularity but no orientation change. If micropatches are placed at zero-crossings, an orientation MSRF pattern (or orientation pattern) with no positional change is obtained (Fig. 1d) . In contrast, if micropatches are placed at peaks and troughs, a position MSRF pattern (or position pattern) with no orientation change is obtained (Fig. 1e) . The local orientation information can be eliminated from a position pattern when using circular Gaussian blobs as sampling elements (Fig. 1f) . A combined pattern is obtained when micropatches are placed at peaks and troughs, as well as at zero-crossings (Fig. 1c) . In this way, one can create shape deformation defined only by local orientation changes (orientation pattern) and that defined only by local position changes (position pattern). Furthermore, these two types of shape deformation can be gauged by the same physical measurement, i.e. the amount of radial modulation. With this arrangement of micropatches, there are two sampling elements per modulation cycle in either an orientation or a position pattern, which is the Nyquist sampling rate according to the sampling theorem (Shannon, 1949) .
Stimuli were generated digitally in MATLAB (The MathWorks, Inc.) and displayed on a gamma-corrected, 8-bit grey-scale monitor that was controlled by a PowerMac computer using the Psychophysics Toolbox (Brainard, 1997 ), which provides high-level access to the C-language VideoToolbox (Pelli, 1997) . The mean luminance of the monitor was 55 cd/m 2 and the stimulus contrast was 100%.
The stimulus screen subtended 6.4-by-4.8°at the viewing distance of 3.2 m. The radius was varied from 1°to 0.375°. The radial frequency was fixed at 4 c/360°and the luminance spatial frequency varied between 3 and 6 c/d. The Gabor patch size was 0.07°SD.
Psychophysical procedures
A temporal 2AFC paradigm was employed. Subjects were asked to look at a fixation target positioned at the center of the screen where the stimulus patterns were presented during the experiment. In each trial, one interval contained a deformed MSRF pattern and the other interval contained an undeformed MSRF pattern. Subjects were asked to indicate which interval contained the deformed one. The duration of each stimulus interval was 0.5 s. Audio signals were used to prompt the subject before each interval and at the end of each trial, but no feedback about the correctness of responses was provided.
The experiments were controlled by 2-down, 1-up staircase procedures (Swanson & Birch, 1992) , and ended after eight reversals. A maximum likelihood fitting procedure was used to fit a Weibull function (Nachmias, 1981; Weibull, 1951) to the data obtained from each experimental run. The estimated modulation threshold corresponded to 75% correct responses. The dominant eye of normal observers was determined using a sighting test. Fig. 2 shows a comparison of sensitivity for detecting radial frequency patterns (radial frequency = 4) for the fixing and amblyopic eye of strabismic amblyopes and the dominant eye of normals. The stimulus is the combined Gabor-sampled radial frequency pattern (Fig. 1C) . In Fig. 2A , the threshold modulation of the fixing (grey symbols and line) and amblyopic eye (black symbols and line) of amblyopes and the dominant eye (white symbols and dashed line) of normals is plotted in terms of absolute threshold in arc seconds against the circular contour frequency of the stimulus in cycles/contour length in degrees. In Fig. 2B , threshold is expressed as a percentage of the radius. The results in A, show that amblyopic eyes have elevated thresholds in absolute terms compared with either the fellow fixing eyes or dominant eyes of normal observers. We subjected the data to a 3 Â 4 ANOVA with repeated measurements for circular contour frequency and non-repeated measurements for eyes. The main effect of eye was significant (F(2, 70) = 10.0, MSe = 13,031, P < .001). The Tukey's post hoc test showed that the difference was significant between amblyopic eye and normal eye (p = .021), but not between amblyopic eye and fellow fixing eye (p > .05). This threshold elevation is similar for the different circular contour frequencies investigated (no significant interaction, p > .05). There was a significant main effect of circular contour frequency (F(3, 36) = 12.5, MSe = 10,567, P < .001), suggesting that radial deformation threshold depends on this variable. The results in B provide further insight. For normal vision, thresholds are constant when expressed in terms of a percentage of the radius. In amblyopes, this is also true for the fellow fixing eye, albeit at a slightly larger percentage. However, the amblyopic eyes exhibit thresholds that represents an increasing fraction of the radius as the circular contour frequency decreases below about 1.2 c/cl-deg. Fig. 3 shows results for the positional (Fig. 1E) and orientational (Fig. 1D ) sampled radial frequency patterns (radial frequency = 4, circular contour frequency = 1.27 c/cl-degs, contrast = 80%, luminance spatial frequency = 6 c/deg) compared with that of the combined stimulus (Fig. 1C) . To obtain a more meaningful comparison of the threshold differences for normal, fixing and amblyopic eyes, we compare thresholds separately for stimuli containing orientation and position cues. Results are shown for five normal observers in Fig. 3 . The threshold for the two subsampled patterns is greater than that of the combined stimulus, suggesting that both orientation and position information are playing roles in performance for the combined stimulus. An earlier report by Wang and Hess (2005) showed that there was a greater reliance on the orientation information contained in the stimulus than for the positional information (i.e. lower orientation thresholds). The pattern of results for our normal observers is very similar from subject to subject and supportive of this previous claim (Wang & Hess, 2005) in that orientation information dominates (i.e. lower thresholds) over that of position information. The individual results for all subjects except NC show a significantly lower threshold for the orientation stimulus (t-test, one tailed; p < 0.05). For one subject (Fig. 3E) we compare results for right and left eye stimulation and find no significant difference (t-test, one tailed; NS).
Results
In Fig. 4 we show the group averages for normals and amblyopes derived from the individual results. We subjected the data to a 3 Â 3 ANOVA with mixed design of repeated and non-repeated measurements. Thresholds were higher for amblyopic eye than for fellow fixing and normal eyes (F(2, 20) = 19.3, MSe = 0.857, p < .001). The combined stimulus produced better performance than either of the component stimuli (F(2, 40) = 39.3, MSe = .542, p < .001). This is consistent with previous findings (Wang & Hess, 2005) on normals, showing that that both orientation and position are utilized. The Tukey's post hoc test showed no significant difference between the fellow fixing and the normal eyes across conditions (p > .05). The interaction between eyes and stimulus conditions was significant (F(4, 40) = 4.18, MSe = .542, p < .001), suggesting that threshold elevation for the amblyopic eye was larger for the orientation condition than the position condition. This Fig. 3 . Detection thresholds for individual normal observers (A-D) plotted as a percentage of the radius for three conditions; the combined stimulus where the Gaborsamples are at both peaks/troughs and zero-crossings, the orientation stimulus where the Gabor-samples are confined to the zero-crossings and the position stimulus where the Gabor-samples are confined to the peaks/troughs of the radial modulation. The stimulus has a radial frequency of 4 c/360°, a radius of 0.5°and a circular contour frequency of 1.27 c/cl in degrees. Normal observers are more sensitive to the orientation information in the stimulus. The results in E show a comparison of the threshold sensitivity of each eye for one subject. The error bars represent ±SE. Fig. 4 . Average detection thresholds for a group of normal and amblyopic observers plotted as a percentage of the radius for three conditions; the combined stimulus where the Gabor-samples are at both peaks/troughs and zero-crossings, the orientation stimulus where the Gabor-samples are confined to the zero-crossings and the position stimulus where the Gabor-samples are confined to the peaks/ troughs of the radial modulation. The stimulus has a radial frequency of 4 c/360°a nd a circular contour frequency of 1.2 c/cl in degrees. The error bars represent ±SE.
trend was verified by an additional one-way ANOVA between orientation and position conditions for the amblyopic eye (F(1, 16) = 14.3, MSe = 1.401, p = .002).
Discussion
Radial frequency patterns of the type used here are thought to probe global spatial mechanisms that combine orientation and positional information across space (Hess, Wang, & Dakin, 1999a , Wilkinson et al., 1998 . Such mechanisms are thought to be located in the ventral extra-striate stream, possibly involving area V4 (Wilkinson et al., 2000) . The initial report (Hess, Wang, Demanins et al., 1999b ) of a deficit in detecting radial frequency patterns by the amblyopic eye is suggestive of a deficit to this processing stream in extra-striate cortex for which there is other independent evidence (Simmers, Ledgeway, & Hess, 2004) . The results of the present study support and extend this earlier observation by showing that the deficit (ratio of amblyopic to normal eye thresholds) is not only invariant with radial frequency (Hess, Wang, Demanins et al., 1999b ) but also it is invariant with circular contour frequency (Jeffrey et al., 2002) , over the range we investigated. This deficit cannot be ascribed to the contrast sensitivity deficit because the luminance spatial frequency of these stimuli were well within the restricted passband of the amblyopic eyes. For example, the grating acuity of our subject with the deepest amblyopia (MS) was 24 c/deg which is a factor of four higher than the highest luminance spatial frequency used in the radial frequency patterns. Although a deficit for the fellow fixing eye appears to be a feature of global tasks in general (i.e. motion coherence, and motion-defined form) relevant to dorsal pathway function (Aaen-Stockdale & Hess, 2008; Giaschi, Regan, Kraft, & Hong, 1992; Ho & Giaschi, 2006; Ho et al., 2005) , we did not find significant fixing eye deficits for this global ventral task. The deficit in strabismic amblyopia does not appear to be that different from that already reported for deprivation amblyopia (Jeffrey et al., 2004) : the magnitude of the deficit in strabismic amblyopia is smaller and it appears to be less dependent on circular contour frequency, however the range of circular contour frequencies investigated here was not as extensive as that investigated by Jeffrey et al. (2004) .
By designing stimuli that allowed assessment of the two potential sources of information contained in a radial frequency pattern (Wang & Hess, 2005) , we were able to answer the question, ''is any global deficit in adults with strabismic amblyopia involving the detection of radial frequency patterns, the result of deficient processing of orientation, position or both?" The amblyopic deficit for detecting radial frequency patterns is due to anomalous processing of both position and orientation, with a significantly greater deficit occurring for orientation processing. This contrasts with a recent report (Wang, Wilson, Felius, & Birch, 2006) in which a similar investigation was undertaken in children with strabismic amblyopia and it was shown that the deficit for stimuli of large radii (i.e. 1.6°) is limited to position coding. The present results in adults suggests that stimuli of small radii (i.e. 0.5°) may be necessary to reveal a greater deficit for orientation coding.
Possible role of curvature detectors
While there is no direct evidence that curvature detectors are involved in the detection of radial frequency patterns, it has been argued that ventral processing of shape is best thought of within a curvature space (Pasupathy & Connor, 1999 and there are models of radial frequency detection that explicitly use curvature detectors (Cadieu et al., 2007; Poirier & Wilson, 2006) . Thus when we talk of orientation and position information underlying the detection of radial frequency patterns, it may be that this information is used separately or, by way of curvature detectors, combined. Since the present results suggest that the relationship between orientation and positional information found in normals is upset in amblyopia (i.e. orientational processing is more deficient than positional processing) then it follows that the site of the deficit is unlikely to be beyond a putative curvature detector stage. It leaves open the possibility that either these two types of information are processed separately, albeit globally, within the extra-striate cortex or that the site of the deficit is at or before the point where these two sources of information are combined (e.g. the striate source of this information could be deficient).
Relation to previous studies
It is generally accepted that extra-striate cortical areas are involved in more global processing. In strabismic amblyopia, it has been shown that global tasks involving motion (Aaen-Stockdale & Hess, 2008; Simmers et al., 2003 Simmers et al., , 2006 and orientation Simmers et al., 2004) reflect anomalies in dorsal and ventral extra-striate regions respectively. Here we have shown that performance on another task that is thought to require global processing (Hess, Wang & Dakin, 1999a , Wilkinson et al., 1998 and to be associated with extrastriate area V4 (Wilkinson et al., 2000) is also defective in strabismic amblyopia. We have also shown that while both position and orientation information that underlie this task are anomalously processed by the amblyopic visual system, there is a greater deficit for orientation coding. What is not clear is whether this loss of positional and orientational processing occurs in the striate cortex or in the extra-striate cortex. It is possible that although this task is accomplished in area V4, the information received from V1 in terms of local orientation and position is sufficiently disrupted to explain the global processing deficit. There is ample evidence for deficits to the coding of position (Bedell & Flom, 1981; Hess & Holliday, 1992; Levi & Klein, 1983; Sireteanu et al., 1993) that are thought to be a consequence of a disrupted retinotopy in V1 (Li, Dumoulin, Mansouri, & Hess, 2007) . There is also evidence for a deficit to the discrimination of orientation (Barrett, Pacey, Bradley, Thibos, & Morrill, 2003; Demanins, Hess, Williams, & Keeble, 1999; Skottun, Bradley, & Freeman, 1986; Vandenbussche, Vogels, & Orban, 1986 ) that is thought to be low-level in nature. However, the low-level orientation deficit is restricted to high spatial frequencies and as such may not provide a complete explanation for the present results since the radial frequency stimuli used here were of relatively low spatial frequencies (3 or 6 c/deg).
